The present study investigated the mechanism of stage-specific Mg incorporation during enamel formation. To this end, a series of in vitro experiments were conducted using a precipitation model with a dialysis chamber. Synthetic hydroxyapatite and pig enamel proteins were used as seeds and regulators for precipitation, respectively. The results showed that the accumulation of Mg ion on and into apatite crystals was highly dependent on solution composition (Ca concentrations and the supersaturation levels) and protein coverages of the crystals. Fluoride at low concentrations efficiently promoted Mg intake into apatite crystals due to the accelerating effect on precipitation kinetics. Trypsin, used as a prototype of enamel resident proteases, also provided an increasing effect on Mg intake due to degradation and removal of proteins associated with crystals. From the data obtained, it is evident that stage-specific Mg incorporation during enamel formation is related to the multiple kinetic and thermodynamic aspects characteristic for enamel mineralization, namely, fluid composition and the competitive adsorption between Ca and Mg ions onto apatite surface, and accumulation of proteinaceous inhibitors of crystal growth and their removal after enzymatic degradation.
Introduction

Magnesium
exists ubiquitously in various hard tissues1), but it still remains unanswered as to whether the ion is essential to biomineralization of calcium phosphate salts in mammals. Chemical analysis of liquid samples, which are isolated from mineralizing sites in the body, always proved the presence of Mg ion at significant concentrations2, 3) . Mg concentrations in the enamel fluid, which was separated from pig secretory enamel, were determined to be at the comparable levels (approx. 0.9mM) with in serum4). It was also documented that Mg ion, as well as pyrophosphate and citrate, is a potent inhibitor of calcium phosphate precipitation in aqueous media. It is of note that when these inhibitors were compared at their physiological concentrations, Mg ion (e.g., about 0.8 mM in plasma ultrafiltrate)
induced the most significant inhibition of seeded crystal growth of hydroxyapatite5,6). The inhibitory activity of Mg ion against calcium phosphate precipitation is considered due to the blockage of growth sites through adsorption of the ion onto apatite surface. In fact, we previously showed that the adsorption of magnesium onto apatite crystals is described by a Langmuir adsorption model extended to binary systems which takes into account the competition of Mg2+ and Ca2+ ions for the same adsorption sites7). Thus, it is likely that Mg accumulation in forming enamel and other hard tissues is one of the crucial steps in the regulation of biomineralization, but much remains to be learnt about the temporo-spatial variation of Mg uptake (and its associated functional significance) in each of the biomineralization processes. An issue of particular interest in enamel mineralization is that the total Mg content of developing enamel is maximized at a specific stage of amelogenesis, i.e., at the transitional stage from secretory to mature enamel, where a massive loss of organic matter occurs prior to the subsequent increase of mineral contents8,9). Our analysis and interpretation based on the adsorption model7)
indicated that 30-40% of the Mg in the secretory and early maturation enamel was in the surface pool (adsorbed onto the enamel mineral) and that the maximal uptake of magnesium in the early matura- tors tested or their combinatory effects on the precipitation taking place in the lower compartment. In the system with protein coverage of the seed crystals, the precipitation kinetics was partially inhibited and the resulting inhibitory effects were enhanced as a function of the amounts of proteins used. As anticipated, Mg ion also evoked the inhibitory activities in the current experimental model, which also increased in a concentration-dependent manner. The addition of F ion at 1ppm was found to exert a strong promoting effect, which surpassed the inhibitory effects of protein coverage or Mg ion. Next we examined the influence of the supersaturation levels and proteolytic enzyme (trypsin) on the precipitation and Mg intake into crystals (Fig. 3) . In the addition of trypsin did not produce marked effects on the precipitation in itself, but it is notable that Mg intake into solid, indicated by an increase in Mg/Ca molar ratio, was accelerated by the progressive degradation and removal of proteins from seed surface, which was verified by SDS-PAGE (Fig. 4) . In the literature, attention has been paid to a simultaneous increase in the levels of both magnesium and fluoride in fluorotic enamel24), despite the fact that Mg ion is a strong inhibitor of apatite precipitation, in contrast to fluoride which is a strong promoter. In the current precipitation model, fluoride ions at concentrations below 1ppm were sufficient to overcome the inhibitory activities generated by coexisting Mg ion at a physiological concentration. This supports the con- In conclusion, utilization of the current experimental model allowed us to gain insight into the coupling events, namely, precipitation rates, degradation of enamel proteins, and accumulation of F and Mg ions into solid, which took place in mineralizing compartment segregated from the external circulation system. 
